The amount of outcrossing was estimated using seven enzyme loci assayed in seven populations of rye (Secale cereale L.). Single-locus outcrossing values fluctuated widely from locus to locus in each population. The weighted mean single-locus estimates ranged from O•716 to 0946, and multilocus estimates ranged from O7O1 to 0910. The analysis showed that self-pollination occurred in the rye populations, and, as a result of selfing, populations contained homozygotes in excess of random mating expectations at the seedling stage of development. Low plant density, which causes low pollen density during fertilization, seems to weaken the self-incompatibility system; at low plant density, the outcrossing estimate was significantly lower than was obtained at high plant density.
INTRODUCTION
The mating system has important effects on the genetic structure of plant populations because of its importance in determining the amount, distribution, and transmission of genetic variation from generation to generation .
It is generally admitted that the pollination pattern in most species fits the "mixed mating model". This model states that a certain proportion of zygotes arises from self-fertilization and the remainder is a product of random mating with other plants of the population (Ritland, 1983) .
Cultivated rye (Secale cereale L.) is a predominantly allogamous species. Outcrossing is favoured by a gametophytic incompatibility system which is controlled by two multiallelic loci (Lundqvist, 1956; Trang et a!., 1982) . However, a certain amount of selfing has been detected in natural and experimental populations (Bailey et a!., 1978; Perez de la Vega and Allard, 1984) . Furthermore, the effectiveness of the incompatibility system can be decreased by the effect of high temperature for a few days during flowering (Wricke, 1979) . In addition it has been demonstrated that several environmental factors can disturb the mating system of plant populations, such as humidity, population density, etc. (Brown et a!., 1978; Farris and Mitton, 1984; Neale and Adams, 1985) . So, it is possible to find in a given plant species some variability in outcrossing rate between populations as well as from year to year (Allard and Workman, 1963; Marshall and Abbott, 1982; Cheliack eta!., 1985) . Likewise mating system can be subjected to evolutionary change, and some authors have been able to detect directional variation of the outcrossing rate over generations (Kahier et a!., 1975) .
In the present work, we have studied seven populations of cultivated rye by means of isozyme electrophoresis with the purposes of analyzing the genetic structure of rye cultivars collected in different countries and grown in natural field conditions, and of estimating the outcrossing rate of these populations, as well as the possible variations between them. The influence of plant density on mating system is also examined.
MATERIAL AND METHODS
The material used in this study consisted of seven populations of S. cerea!e L. cultivated under natural field conditions, and therefore subjected to free pollination. Table 1 shows the country of origin of each cultivar, the locality where populations were grown and the year of collection. Each population belongs to a different cultivar, except Vences eta!. (1987) , and the inheritance and nomenclature follow that mainly described by Perez de Ia Vega and Allard (1984) . Locus Got3 was previously named Got2 (Perez de la Vega and Allard, 1984) , however, it is now known that there are three different GOT zones and four loci code for the GOT isozymes in rye (Vaquero, 1987; Rehordinos and Perez de Ia Vega, 1988) . Locus Acph2 refers to the Phos2 of Perez de la Vega and ; this new name responds to the generally used nomenclature suggested by Schiegel et al. (1986) . 6PGD is controlled at least by two loci (Vaquero, 1987) (1978) . The variances of the single-locus outcrossing estimates were calculated by applying the "bootstrap" method of Schoen and Clegg (1986) , and the weighted mean of single locus estimates was calculated after Kahier et a!. (1984) . Multilocus outcrossing rates were determined using the "method of moments" estimator of Shaw et a!. (1981) .
RESULTS
The observed numbers of seedling genotypes and the expected ones under Hardy-Weinberg equilibrium are given in Outcrossing estimates are given in table 6. Single-locus outcrossing estimates ranged from 044l (Pgi2 of MMCA) to 1137 (6Pgd2 of Merced). The weighted mean per population ranged from 0716 of Polycross to 0946 of MM. Every weighted mean was significantly different from 1, when they were compared by a test (Rao, 1973) , except Ailes. Heterogeneity x2 tests were always significant, indicating that the singlelocus estimates differed from locus to locus. The two populations which belong to the same cultivar, MM and MMCA, showed significantly different values: 0946 and 0790, respectively.
The multilocus estimates (t,,,) were made from the same data set as the single locus estimates, and ranged from 0701 (Zaragoza) to 0910 (Ailes and Insave). The multilocus estimates for MM and MMCA were respectively 0909 and 0775, thus, like single-locus estimates, tm is lower in the population MMCA which grew at a low density of plants.
DISCUSSION
The seedling populations showed genotypic frequencies that did not fit the Hardy-Weinberg expectations, and deviations from equilibrium were generally in the direction of a deficiency of heterozygotes.
This result is only relatively unexpected as, in spite of the reported outbreeding habit of rye, outbreeding species often show a tendency to have lower heterozygosity than expected under panmixia (Brown, 1979) ; this phenomenon has been called the "heterozygosity paradox". Moreover, herbaceous outbreeders tend to show larger deficits than tree species (Brown, 1979) . Among the various factors that might cause this bias the most important are probably: (i) family structure, (ii) the Wahlund effect, and (iii) partial selfing.
The seed samples we used were taken and planted at random from the complete seed-bulk of the preceding generation, so they are expected to be free of family structure. The Wahlund effect, due to non-random spatial distribution of genotypes, is also rejected for the same reason. In fact, as recorded in table 6, there was a measurable selfing rate in these rye populations.
In contrast with the results for seedling populations, x2 values for observed vs. expected adult frequencies were non-significant, and heterozygotes were generally in excess. The frequent excess of heterozygotes in the adult populations and the general deficiency of them amongst seedlings suggests that heterozygous seedlings are at an advantage and show better survival to adulthood than homozygotes. Such heterozygote advantage has been reported in several plant species (Clegg and Allard, 1973; Kahler eta!., 1975; Farris and Mitton, 1984; Pollack et a!., 1984) . Thus although inbreeding causes a deficit of heterozygotes, selection favours them to become adult plants; therefore the adult populations fit Hardy-Weinberg expectation perhaps only because the effects of nonrandom mating and selection cancel each other. It seems that selection of this type must act after germination since germination rates were nearly always 100 per cent (i.e., greater than 97 per cent for the worst case).
With the exception of the Ailes single locus weighted mean, every analyzed population had an outcrossing rate which was significantly different from one, the means over populations being closely similar: 0834 0033 and 0829 003l estimated respectively by the single-locus or the multilocus methods.
Single-locus estimates differed from locus to locus, as reported previously for other species: e.g., in Zea mays , Pseudotsuga menziessi (Ritland and El-Kassaby, 1985) , Abies ba!samea (Neale and Adams, 1985) , Hordeum (Clegg et a!., 1978; Brown et a!., 1978) and Secale cereale (Perez de la Vega and Allard, 1984) . This variability has been attributed to different causes, including chance, (Shaw et a!., 1981) statistical aberrations (Clegg, 1980) , and the violation of some of the assumptions of the mixed mating model. Failure of any of these assumptions will affect both single-locus and multilocus estimates, but multilocus estimates are affected to a much lesser extent (Shaw et a!., 1981; Ritland, 1983) .
The assumption of homogeneity of pollen distribution can be violated by the existence of family structure or Wahlund effect. In our case, as we previously discussed, we did not expect any of these two effects because of the way in which seeds were planted. Additionally, heterogeneity is expected to cause underestimation of outcrossing rates when single-locus estimates are used.
The mean values of single-locus estimates (0834) and multilocus estimates (0.829) are very similar, supporting the expectation of homogeneity in the pollen pool. A second assumption is the independence between probability of outcrossing and maternal genotype. Out data do not demonstrate the accomplishment of this assumption but, otherwise, we have no evidence of preferential mating between specific gametic genotypes or differential probability of seltIng for different maternal genotypes as it has been reported in several species (Clegg, 1980; Ritland and El-Kassaby, 1985; Bijlsma eta!., 1986) .
Finally, the model assumes that selection does not intervene between mating and the time of census. Our results support this assumption because of the high fertility of plants (spikes were normally and uniformly seedy) and the low mortality percentages of seedlings (less than 3 per cent for the worst case). Consequently in our case, although we cannot eliminate the possibility of a maternal effect on mating system, perhaps the variability among the single-locus estimates could be due to the statistical procedure. Any other effect which could be disturbing the mating system did not appear to be strong enough to bias the single-locus estimates significantly in a specific direction. So, while some populations had lower t than t, and other populations had lower t,, than t, the overall population average t and t, are nearly identical.
Although the present data do not exclude the possibility that inbreeding other than selfing occurs in natural populations of rye, they indicate that most of the inbreeding observed must be due to self-fertilization, because, in general, the means of single locus estimates are equal to or higher than the multilocus estimates (Shaw and Allard, 1982) .
The averaged outcrossing rate is approximately 083 for the rye populations analyzed in this work.
This rate is lower than the previously reported value of 092 by Perez de Ia Vega and Allard (1984) in a population of Ailes. However, the sample of the Ailes cultivar analyzed in the present study gave a single-locus estimate of 0902 and a multilocus estimate of 0910, values which are not significantly different from the value reported by Perez de Ia Vega and Allard. Significant differences in outcrossing rates were found among the rye cultivars (table 6), ranging from 095 to 070.
In spite of the existence in rye of a two-locus incompatibility system (one having at least six alleles, and the other at least twelve, Trang et a!., 1982) , a relatively high number of seif-pollinations were detected in this species. The self-incompatibility system can be overcome by genes of selfcompatibility, allowing selfing rates up to 40 per cent in autocompatible populations (Wricke, 1979; Schmidt-Stohn et a!., 1986) , and also in synthetic populations obtained by hybridization with Secale vavi!ovii (Bailey et a!., 1978) . We currently have no information on the presence of self-compatibility genes in our populations, however it is not possible to reject their presence.
In addition to genetic factors it seems that at least some environmental factors could exert an influence on the autoincompatibility system efficiency. Thus, some cases of pseudocompatibility have been described in rye following exposure to high temperature (30°C) during flowering (Wricke, 1979 
